Collective behavior, swarming and mutual interactions between living entities are well-known phenomena in biology where, for example, flocks of birds or schools of fish are extensively studied. Swarming has also been observed in bacteria or tumor cell populations. This kind of collective behavior can be implemented also in non-living systems, namely in biologically-inspired swarm robotics. However, the collective behavior of chemical droplets (mutual interactions of multiple "liquid robots") has not been studied before and the present paper reports the experimentally observed phenomena and modes of behavior in such system. We show how multiple decanol droplets in a thin layer of decanoate solution behave and interact. We report, for the first time, several life-like features such as collective chemotaxis and number-dependent group formation.
Introduction
The emergence of complex behavior in systems consisting of interacting agents is an interesting phenomenon that is intensively studied in a variety of scientific areas, such as animals swarming in biology, the behavior of social groups, or particle interactions in chemistry and physics (Witkowski and Ikegami 2016) .
Collective behavior is a widespread phenomenon present in almost all biological systems at various scales and levels of complexity. Such a self-organization of animals, insects and even cells in the absence of centralized control has various reasons. For example, the commonly assumed advantages of flocking in the animal world are defense against predators, more efficient search for resources, hunting, or improvement in decision making (Vicsek and Zafeiris 2012) . Collective grouping in cells is important especially for their survival. The amoeba Dictyostelium is an interesting example where freeliving single cells can behave collectively when needed. In the absence of nutrients, Dictyostelium cells form large aggregates consisting of thousands of cells that transform into multicellular organisms enabling them to survive unfavorable conditions (Ševčíková et al. 2010 ).
In the field of artificial life, the investigation of interactions between multiple man-made objects that behave like living organisms is also of interest. The aim is to find an analogy between the collective behavior of artificial objects and their living counterparts. Here, we will describe the collective behavior of oil droplets and its phenomenological similarity with the behavior of swarming cells.
It has been already shown in several papers that liquid droplets can perform intriguing life-like operations, e.g. move and self-propel (Čejková et al. 2014 (Čejková et al. , Hanczyc et al. 2007 ), self-divide (Caschera et al. 2013) or change their shape (Čejková et al. 2017a, Čejková et al. 2016b) . Theoretically, droplets with such unique properties can serve as liquid robots (Čejková et al. 2016a) .
The chemotactic movement of milimeter-sized droplets at the water-air interface is a familiar phenomenon. We have shown that droplets consisting of pure decanol are able to move in a gradient of salts and hydroxides in an aqueous solution containing sodium decanoate and thereby to mimic the chemotactic behavior of living cells, which can perform oriented chemotactic movement towards chemoattractants or away from chemorepellants (Čejková et al. 2017b, Čejková et al. 2014) .
While the chemotaxis of single droplets has been studied in detail (e.g. in various scenarios including chemotactic mazesolving, stimuli-responsive chemotaxis and chemotaxis-driven reactions), the collective behavior of chemotactic droplets has not been reported yet. Therefore, the present paper deals with the investigation of collective behavior of chemical droplets (mutual interactions of several liquid droplets) that reveal lifelike swarming. Specifically, we show number-dependent pattern formation and collective chemotaxis.
Experimental
The investigated system was based on the same chemistry as described in our recent work on single-droplet chemotaxis (Čejková et al. 2014) , i.e. 10mM sodium decanoate solution in water (pH≈12) as the continuous phase, and decanol droplets colored with Oil red O as the disperse phase. All chemicals were purchased from Sigma-Aldrich, Czech Republic. In experiments dealing with artificial chemotaxis, 1 'L droplets of saturated salt solution (6.5M NaCl) were added as chemoattractants. The experiments were perfomed in a "pool" of the aqueous phase spread on microscopic cover slips of various dimensions: 24(60 mm (Matsunami glass, Japan) or 24(24 mm (P-Lab, Czech Republic), and microscopic slides with the size of 25(75 mm (Menzel-Gläser, Thermo Scientific). The glass slide was covered with a thin layer of sodium decanoate (e.g. 2 mL per glass slide with the size of 24(60 mm). Systematically varying numbers of decanol droplets (2-12) with gradually increasing volumes (1 'L, 2 'L or 5 'L of each droplet) were added by means of a micropipette and their evolution in time recorded. The experiments were monitored using an ImagingSource videocamera (DFK 23U274) from the top view. Image sequences were grabbed at a frame-rate of1 image per second and later converted to movies. The moment of adding the last droplet to the decanoate solution was taken as time t = 0. The time when all droplets formed one cluster was evaluated and plotted as function of the number and volume of decanol droplets.
Results
There are many parameters that potentially control the mutual interactions between droplets: the number of droplets, volume of a single droplet, volume of the aqueous "pool", size and shape of the glass substrate, pH, salinity and decanoate concertation in the aqueous phase, etc. In the present paper, we have focused on two main questions: (i) What are the qualitative types of spatial patterns attained by multiple decanol droplets in the absence of salt? (ii) Do the clusters of decanol droplets retain the chemotactic ability previously observed for single droplets?
Droplet arrangement in the absence of salt
The first set of experiments focused on the interactions of decanol droplets in the absence of salt, i.e. without any gradient of a chemoattractant. The number of droplets (2-12) and their volume (1 'L, 2 'L or 5 'L of each droplet) were systematically changed. Other parameters were constant: the same size of glass substrate, the same volume of decanoate solution (therefore the same depth of the aqueous layer), no pH changes of decanoate solution, no salt additions. All droplets were added one after another without any delay, meaning that all droplets on each slide have more or less the same "age". The droplets were added by a pipette at random initial positions.
The following phenomena were observed: at the beginning of experiment, there was no apparent attraction between the droplets, they moved randomly, they repelled each other and after a few minutes they formed a single line in the middle of the glass slide. In experiments with the same number of droplets but various size (hence various total volume of decanol), larger droplets assumed the line arrangement sooner than smaller droplets (see Figure 1) . In experiments with a constant volume of decanol (various size and number of droplets), it was the smaller droplets that assumed the linear pattern sooner (see Figure 2) . The droplets stayed in the middle line for several minutes and then started to attract each other, forming pairs, triplets etc. These small groups of droplets eventually formed a single cluster. The time of cluster formation was evaluated for a number of scenarios (droplet volume and number) and the results are summarized in Figure 3 . 
Artificial chemotaxis of droplet groups
The second set of experiments has focused on the study of the chemotactic ability of droplet groups. It has been already shown that a single decanol droplet placed in a thin layer of sodium decanoate is able to perform chemotaxis-like oriented movement if a salt concentration gradient is present in the system (Čejková et al. 2014 ). The main question before performing experiments with multiple droplets was whether the droplets move towards the salt as single droplets, in a chain or in a group? We have investigated no only the chemotaxis of solitary decanol droplets before their clustering, but also the chemotaxis of decanol droplet clusters that have formed spontaneously as described in the section above. It has been found that as soon as the droplets that touch each other perceive the salt gradient, they form a close packed group and then move towards the highest salt concentration as a group (see Figure 4) . Groups consisting of a larger number of droplets start the chemotactic response sooner than smaller groups, and they also reach the target sooner. In contrast, droplets that are in the state before their clustering they follow the salt gradient individually or in smaller groups ( Figure 5 ). 
Discussion
We have observed two new life-like phenomena not reported before in groups of simple chemical droplets: time-dependent spontaneous cluster formation of originally solitary distributed droplets, and collective droplet chemotaxis dependent on the group size. This behavior was found to be very reproducible. Over one hundred of experiments were performed and the time of droplet clustering was found to be well correlated with the number of droplets and their volume, as shown in Figure 3 . In all cases the same scenario was observed. At the beginning of the experiment, the droplets self-propelled, moved randomly and repelled each other. This could be caused by the electrical charge that the droplets obtain during pipetting (Horim et al. 2015) . After certain time the droplets suppress their motility, and driven by gravitational force, try to reach the minima of potential energy (the density of decanol is lower than that of water). However, they still repel each other and therefore distribute themselves regularly at regular distances along a central line. Later on, the repulsive interactions diminish and the droplets arrange into a single cluster. The reason why the droplets switch between these modes (repulsion vs. attraction) is not clear yet. We believe that the changes of surface tension followed by Marangoni flows are involved in this process.
Such clustering of droplets can be compared to Dictyostelium cells aggregation described in the Introduction. Of course, this comparison is just on a qualitative phenomenological level, there is no analogy in the underlying mechanism of clustering. Whereas in cell clustering, complicated intercellular communication and intracellular processes are involved, the droplet clustering is based on physico-chemical principles. While the reason for Dictyostelium cells clustering is the depletion of nutrients, the stimulus for decanol droplets clustering is not yet clear. The validation of a hypotheses that the clustering is the result of competition between gravitational and surface forces will be appear in our further paper (Čejková et al.) .
Further observed life-like behavior of multiple droplets was their artificial chemotactic migration. Let us mention again, that the cell collective behavior and droplets group migration are similar qualitatively, but based on rather different underlying mechanisms. Swarming in cell populations employs advanced specific mechanisms like cell-cell adhesion with proteins, extra-cellular matrix etc., however in non-living droplet systems, mainly changes of physical and chemical properties are involved.
In living systems, different strategies exist for cell chemotactic movement, including both individual cell migration and the coordinated movement of groups of cells (Schumacher et al. 2016) . Cell migration in loosely or closely associated groups (commonly called collective cell migration) can be performed by various mechanisms. The cells can migrate in sheets (e.g. cells in carcinoma or in wound healing), in close packed clusters (e.g. border cells in Drosophila embryos or melanomas), in chains (e.g. Drosophila myoblasts or squamous cell carcinoma) or in streams (e.g. neural crest cells, mammalian endoderm and in some breast carcinomas). See Figure 2 in (Mayor and Carmona-Fontaine 2010) . If we compare artificial chemotaxis of decanol droplets with these cell migration modes, we can say that decanol droplets movement is similar to cluster migration. Here the migrating droplets are also associated tightly but the cluster is free without the evident distribution of droplets into category "leading" and "rear". When the droplet cluster reach the target the droplet can change their position, even some droplets can separate.
Nevertheless, the main sign of collective cell chemotaxis is the polarization of cells. They typically form the protrusions (such as lamellipodia and filopodia) at the leading edge and the trailing edge is contracted. However, we have not observed any significant shape changes of droplets during their migration, moreover we cannot distinguish the front and rear part of the spherical droplet. To answer the question if there is any orientation and alignment of droplets in clusters experiments for example by using particle image velocimetry need to be performed.
Conclusions
In the same way as in the populations of living objects or robots, the organization, collective behavior and swarming of liquid droplets needs to be investigated. Using such approaches, we could design relatively simple and cheap "liquid robots" in the form of droplets that would work together to perform increasingly sophisticated tasks. Examples of potential droplet swarming applications include intelligent cleaning or targeted delivery of chemicals and small objects. Since droplet collective behavior is an interesting problem, we anticipate that intensive experimental and theoretical study of this problem may help to explain other swarming mechanisms and analogies between collective behavior of liquid droplets and living swarming systems could be found.
